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Abstract
In the present study we present and discuss the identification of species-specific SNPs to rule out any experimental influence of speciesspecific primer design (Populus tremula vs. the closely related model-species Populus trichocarpa) on the detectability of SNPs. Applying a species-optimized method, partial sequences of 14 genes involved in xylem cell development, xylogenesis, pectin formation, and drought stress reaction were analyzed at the genomic level. About 3 Mb of sequence information were generated by Sanger sequencing technology and 258 sequence variants were 1
Introduction
Within the last decade the genus Populus has become one of the main research objects of molecular genetics on woody plants. Poplar species are easily to propagate compared to other tree or shrub species, which facilitates the cultivation of plants. In addition, the genome is relatively small (2n = 38, ca. 550 Mbp). Both are favorable characteristics for a plant species to become a model organism (STRAUSS and MARTIN, 2004) .
European Aspen (Populus tremula, L.) is a deciduous tree species widely distributed in the Northern hemisphere (ECKENWALDER, 1996) . Its geographic distribution ranges from cool and temperate regions in Northern Europe and North Eastern Asia to warm and dry sites in Southern Europe and North Africa (ECKEN-WALDER, 1996) . P. tremula belongs to the family of Salicacea and is closely related to poplar species that are mostly used for short rotation forestry. Though, due to its comparably lower biomass production P. tremula does not count amongst the typical plantation tree species in Europe. Nevertheless like other widely distributed tree species, adaptive genetic variation, which might reflect the capability of a subpopulation to adapt to different environmental conditions (especially to drought) in combination with an acceptable biomass production has to be expected for European aspen which makes this tree species an interesting object of investigations.
One promising method for identification of drought-adapted genotypes is an association mapping approach based on the characterization of SNPs (single nucleotide polymorphisms) being located in candidate genes. SNP-loci have been identified for a number of plant species including forest trees (e.g. Populus tremula: INGVARSSON, 2005; SEEB et al., 2011; SEIFERT et al., 2012) . Although most SNPs do behave selectively neutral and can be used in population genetic analysis in addition to or instead of other neutral markers (SEIFERT et al., 2012) , a comparably small number of SNPs are likely to be under selection and can be associated with phenotypic traits (YOSHIURA et al., 2006; SEIFERT et al., 2012) .
In the present study, we introduce a reliable and robust method for the detection of single nucleotide polymorphisms within candidate genes related to traits that are mainly involved in drought stress tolerance in Populus tremula. In contrast to Ingvarsson (2008) , who investigated a total of 77 amplicons distributed randomly over the genome of European aspen, we focused on selected candidate genes. For individuals selected from different populations and environments this approach seemed to be a promising method to detect SNP variation fast and efficiently (CARDON and BELL, 2001; ING-VARSSON, 2005) as a basis for a future association mapping study and marker-assisted selection.
Materials and methods

Sample collection
To cover a wide spectrum of environmental conditions such as water availability and soil conditions, 108 P. tremula genotypes were collected from eleven natural sites in Germany (9 to 11 trees per subpopulation). Among these eleven sites, ten sites were selected along a North to South gradient beside and 50 km far from the river Oder. Additionally one subpopulation was sampled in the rocky area of the Black Forest region (Figure 1) . Only trees separated by a distance of 1-2 km were collected to ensure the sampling of genetically distinct trees.
DNA extraction
Total genomic DNA was extracted from frozen or dried leaves according to DOYLE and DOYLE 1987 . Several DNA extractions from cambium were done using the DNeasy plant mini-prep kit (QIAGEN, Hilden, Germany). The amount and the quality of the genomic DNA were analyzed in 0.8% agarose gels. For subsequent PCR applications genomic DNA was diluted 1 in 100 in water.
Candidate gene selection
Candidate genes were selected for their physiological function in the context of drought adaptive behavior. Table 1 summarizes the genes, which were chosen as candidates. First we focused on genes that are reported to be directly up-regulated upon water deficiency. These were Drought-sensitive 1 (drs1), stable protein (Sp1) and Metallothionein 2A (Mt2a). SLAC1 and erecta homologues are involved in regulation and movement of stomata in leaves as a response to humidity changes, whereas the aquaporin PIP2.5-gene is directly involved in water transport. Alpha-expansin (␣-exp) regulates cell-wall extension and stress relaxation. Secondly, other candidate genes were chosen due to their function in xylogenesis, xylem cell development and pectin formation, among these are the K + channel protein kpt1, the high-affinity potassium uptake transporter kup1, the potassium channel ptk2, an outward rectifying potassium channel ptork, a MADS box protein ptm5, UDP-glucose dehydrogenase (UGDH), and UDP-glucose pyrophosphorylase (UGP). In the course of this study, we identified P. tremula homologues of Drs1, erecta, mt2a, and SLAC1 (Accession numbers: drs1, KC768063; erecta, KC768064; mt2a, KC768065; SLAC1, KC768066).
P. tremula-specific PCR design
Since P. tremula-specific whole genome information is not published yet, protein sequences of candidate genes as summarized in Table 1 were obtained from Genbank and Refseq, respectively. Protein sequences were blasted against the P. trichocarpa genome (TUSKAN et al., 2006) , making use of the tools of the Phytozome project (GOODSTEIN et al., 2012: JGI v2 .2, Populus genome assembly: http://www.phytozome.net/poplar.php). Identified candidate loci (blast hits) were manually examined for a) any duplicated sequence, b) for potential paralogs within the P. trichocarpa genome, and c) for the correct annotation of the candidate gene. If more than one candidate locus was identified for one gene, protein and nucleotide sequence comparisons were performed for these hits using CLUSTALW and the closest homologue was chosen for amplicon design.
P. trichocarpa-specific PCR primers were designed using the primer3-tool (ROZEN and SKALETSKY, 2000) applying these criteria: (1) PCR fragments are designed that allow sequencing over internally located primer binding sites that subsequently represent a reference for P. tremula-specific primer pairs, (2) primers which are located adjacent to exons to screen as much coding region as possible, (3) if gene annotation allows, primer pairs are designed which are located in coding sequences but not in functional domains to avoid unspecific binding based on high sequence conservation between functional domains. An overview of all primers (trichocarpa-specific, tremula-specific and tremula specific sequencing primers) is summarized in Table 2 .
PCR and sequencing of PCR fragments has been performed as described in WINKLER et al. (2011) . P. trichocarpa-derived primer pairs were tested on genomic DNA of one P. trichocarpa and eleven P. tremula trees. PCRs were done in a total volume of 10 µl containing 2 µM primer, 2 mM MgCl 2 , 0,2 µM dNTP each, 25 mM tricine, 85 mM ammoniumacetate, 7% glycerol, 1,6% DMSO, 0,5 U Taq-polymerase, 5-50 ng genomic DNA. Cycling conditions for the PCRs were as follows: 94°C for 2 min, 30 cycles of 94°C for 30 sec, 57°C (or primer optimized annealing temperature) for 20 sec, 72°C for 1 min, and a final extension at 72°C for 10 min. The resulting PCR fragments were visualized and quantified on 1% agarose gels, diluted to a final concentration of 10-20 ng/µl and directly used for DNA Sequencing (Sanger big dye terminator technology). Sanger sequencing was performed according to the manufacturers' protocol making use of low input conditions. The sequencing reaction contains 2-5 ng template DNA, 0.2 µl big dye terminator, 0,4 µl 5x sequencing buffer, and 2 µM sequencing primer in a total volume of 8 µl. Cycling was performed as follows: 96°C for 1 min, 30 cycles of 96°C for 10 sec, 52°C for 5 sec, 60°C for 3 min. Sanger sequencing was performed on an AB3730XL DNA sequencer.
If PCR results were either unspecific or failed in P. tremula samples, PCR conditions were optimized for the annealing temperature. If heterozygous indels were found that were not resolved by any of the sequencing primers, internal P. tremula-specific sequencing primers were designed to cover as much information as possible.
DNA sequences of all tested individuals were compared and analyzed for differences between both species (cross-species variances) as well as between P. tremula individuals (within-species variances). P. trichocarpa-derived primers served as templates for the design of P. tremulaspecific primer pairs. These primer pairs were tested again for specificity and performance on the P. tremula trees. An overview of all designed primer pairs including sequencing primers is presented in Table 2 .
Detection of sequence variation and statistical analysis of SNPs in the P. tremula natural populations
PCR fragments were amplified and sequenced from the P. tremula collection making use of P. tremula-specific PCR and sequencing primers. SNPs in these regions were detected automatically by the Polyphred software package that uses Phred-based base calling and quality assignments with subsequent detection of heterozygous peaks in sequence assemblies performed by Phred, conditions are as follows: the peak drop ratio is 0.55, a second peak ratio of 0.15 and an average sequence quality of 30 (NICKERSON et al., 1997; BHANGALE et al., 2006) . Small and resolvable indels of 1 to 100 bp in size were detected on sequence alignments (CLUSTALW) making use of the MacVector sequence analysis tool (MacVector, Inc., North Carolina, US). Sequence variation was documented for each individual of the P. tremula collection. For each SNP in the total population the genetic diversity was estimated by calculating the observed and expected heterozygosities and p-values. All calculations were performed with PowerMarker version 3.25. Tests for Hardy-Weinberg equilibrium (HWE) were performed for each SNP using the exact test implemented in PowerMarker version 3.25 (LIU and MUSE, 2005) . Application of Bonferroni correction was done in a conservative manner (corrected ␣-level: 0.05/243 = 0.0002). 
Determination of an allele bias caused by cross-species primer and PCR conditions
The effect of cross-species PCR and sequencing conditions (P. trichocarpa-derived primers on P. tremula individuals) on SNP detection was compared to within-species conditions (P. tremula-derived primers on P. tremula individuals). For this experiment, four sets of P. trichocarpa-(representing cross-species and tremula-specific primer pairs representing three different genes (drs1 exon 3, drs1 exon 4, erecta exon 23+24, mt2a exon 2) were amplified and sequenced from the P. tremula collection. Three independent rounds of PCR were performed with P. tremula-specific primers and two independent rounds with P. trichocarpa-specific primers. Differences within one data set (PCR-and sequence-derived errors, inner-species dataset) and between P. trichocarpa-and P. tremulaspecific data were determined. The observed and expected heterozygosity values were calculated for each locus (data not shown). The inbreeding coefficient (F IS ) and the number of loci that deviate significantly from HWE expectations after conservative Bonferroni correction (corrected ␣-level: 0.05/81 = 0.0006) are given for each amplicon. All calculations were done with the software PowerMarker version 3.25 (Table 3) 
Results
PCR design
We identified 3 candidate genes as not being suitable for a specific PCR-based screen. The candidate genes Alpha-expansin, UDGP, and UDGH are found in two almost identical copies in the P. trichocarpa genome (Alpha-expansin: 92,5% identity of coding sequence, LG 1 and 9; UDGP: 93,7% identity of coding sequence, LG 4 and 17, UDGH: 92,9% identity of coding sequence, LG 4 and 17). Alpha-expansin and UDGP do not allow any copy-specific primer design and therefore failed our PCR criteria. However, for UDGH we managed to specifically target the gene copy that is located on LG 4. Another candidate gene PIP2.5 belongs to the gene family of aquaporins of which several paralogs are found in the P. trichocarpa genome. Since it was not possible to resolve the gene orthology for PIP2.5, this gene was not used further in this study. The stable protein Sp1 is found in two copies both located in close proximity on LG 10. Since the Sp1 locus is duplicated only partially, P. trichocarpa-and P. tremula-specific primers for both gene products were designed.
P. tremula-specific PCR optimization
We designed 18 P. trichocarpa-derived primer pairs covering 11 candidate genes and tested them on genomic DNA derived from a batch of 10 P. tremula trees and one P. trichocarpa tree. 16 primer pairs resulted in successful amplification of tremula-specific PCR fragments that were eventually sequenced and analyzed. Two primer sets (ptk2, exon 7 and 8, sp1, short fragment) failed in P. tremula indicating significant sequence differences between both species. Sequence information derived from each species was compared and in case of differences in the sequence, primers specific for P. tremula were designed. These P. tremula specific primers flanked the coding region (exons) of our candidate gene and expanded circa 50 to 200 bp into the adjacent sequence of the intron. We established PCR and sequencing conditions for 16 P. tremula-specific PCR primer pairs and 6 additional sequencing primers ( Table 2) . Among these 38 primers, 10 showed sequence differences between both species exhibiting 1 to 3 nucleotide mismatches or even a deletion of 6 nucleotides. Most of these primers (9 of 10) were located in non-coding sequence (introns, UTRs, and non-genic regions) of the gene locus and flanked the informative exons.
Species-specific PCR design is required to reduce any allele bias
Due to our screening focus on informative coding sequence, 63% of our P. tremula-specific primer binding sites are located in non-coding regions such as introns and UTRs that are expected to be less conserved than the coding sequence. Indeed 9 of 24 non-coding primer binding sites actually showed differences in the nucleotide sequence when comparing P. tremula and P. trichocarpa, whereas only 1 of 14 primer binding sites differed in coding sequence ( Table  2 ). To test if even minor nucleotide variation in the primer binding sites could result in an allele-specific amplification bias, we detected SNPs for four amplicons making use of either P. tremula or P. trichocarpa derived primer pairs. These primer binding sites differed either in one, two, or three nucleotides (drs1, exon 3; drs1, exon 4; erecta, exon 23 and 24) or they span a species-specific indel in the 3' region of the reverse primer (mt2a). P. trichocarpa-or P. tremula-specific primer pairs were applied to the P. tremula collection. All four primer sets amplified fragments with PCR failure rates between 1.1 and 5.7% irrespective of which primer pairs were used ( Table 4) .
To determine any potential allele-specific bias in the identification of SNPs, we screened all trees individually for SNPs and did an initial statistical analysis to judge the quality of data in our collection ( Table 5) . We identified different numbers of SNPs for a given amplicon when using either tremula-or trichocarpa-specific primers. Considering that the SNPs amplified in three independent experiments by the tremula-specific primers are "real" SNPs in the P. tremula collection, the trichocarpa-specific primers identified a total of nine additional SNPs and missed twelve SNPs compared to the tremula-specific data sets. We assume that sequence differences in the primer binding sites between trichocarpa and tremula lead to the biased amplification of one of two tremula-alleles. This allele-specific PCR bias results in the relatively large number of SNPs missed by the trichocarpa-specific primers. Alternatively, additional and unspecific primer binding sites could result in the observed miscalling of SNPs.
Analyzing these SNPs and their distribution among the collection in more detail, we observed that a total of 47 P. trichocarpa-amplified SNPs deviate from the Hardy-WeinbergEquilibrium (HWE) compared to 7 SNPs amplified with the P. tremula specific primers. The inbreeding coefficient per amplicon over the collection showed a significantly higher proportion of homozygous alleles for the P. trichocarpa-compared to P. tremula-amplified SNPs. As the trees were collected from different habitats around Germany (Figure 1) , we would not expect significant levels of inbreeding and loss of heterozygosity for this collection. These effects are actually observed when applying the P. trichocarpa-specific PCR and sequencing conditions. The P. tremula-specific SNP detection Table 4 . -SNPs identified by trichocarpa-and tremula-specific PCR conditions, comparison of PCR failure, false-positive and false-negative SNPs, inbreeding coefficient, and Hardy-Weinberg equilibrium.
resulted in a much milder loss of heterozygosity (0.030 to 0.438) and less individuals that deviate from HWE (Table 4) for the same batch.
Sequence variation within the P. tremula collection
In an initial set of fourteen candidate genes, we focused on genes with a potential physiological function during stress-mediated responses in the context of drought tolerance and xylogenesis ( Table 1) . We successfully established P. tremula-specific amplification and resequencing conditions for 29 exons representing 11 candidate genes (circa 1/3 of all predicted exons).
The established 16 amplicons cover 6.1 kb of coding sequence and additional 4.6 kb of noncoding sequence (Table 5) . Processing all amplicons on this collection, we generated about 3 Mb of sequence information. We identified 258 genetic variants, 15 of these represent indels that are located exclusively in non-coding regions and 243 are SNPs that are found in coding and non-coding regions of candidate genes.
The overall frequency of SNPs is 1 SNP in 44 bp, which is higher compared to recent studies reporting 1 in 70 bp and 1 in 54 bp, respectively (INGVARSSON, 2005; ISMAIL et al., 2012) . On average, we identified twice the number of SNPs in non-coding regions (140 SNPs with an average frequency of 1 SNP in 35 bp) than in coding regions (103 SNPs with an average frequency of 1 SNP in 76 bp) supporting the higher degree of sequence conservation in coding compared to non-coding regions. However, the frequency of SNPs varied between amplicons ranging from 1 SNP in 20 bp in the non-coding region of erecta (exon 23 and 24) to 1 in 197 bp in the coding region of Kup1 (exon 2 and 3). Six of 243 SNPs were found in more than two allelic variants in our collection whereas all other SNPs are bi-allelic.
To get some insights into the potential physiological effect of a SNP located in the coding sequence, we translated the allelic variants based on the predicted annotation of our candidate genes. We identified one SNP in the erecta gene that affects the 3' donor site of the pre- dicted splice site of exon 24, which might cause an early termination of the gene product. In addition, we found 40 SNPs that lead to changes in the translated amino acids, which are classified as non-synonymous substitutions. 64 SNPs in coding areas do not cause changes in the amino acid composition (synonymous substitution), along with 32 SNPs located in UTRs and adjacent non-genic regions and 107 SNPs located in introns.
Diversity of analyzed genes in the Populus tremula collection
Since the P. tremula collection is a newly established resource for potential breeding approaches, we wanted to explore its heterogeneity to consider the suitability for ecological and evolutionary studies. As parameters for the genetic heterogeneity of a given population, the expected and observed heterozygosities, and the deviation from HWE were calculated for each detected SNP marker ( Table 3) . Only 4.5% of all detected SNPs deviate from HWE (␣ = 0,0002 after Bonferroni correction). These eleven deviating SNPs are concentrated mainly in three different amplicons with 4 deviating SNPs in drs1, exon4 (21%); 3 in ptk2, exon 9 and 10 (19%); and 3 in ptork, exon 3 and 4 (25%); in addition, 1 deviating SNP is detected in erecta, exon 23 and 24 (3.4%).
Discussion
SNPs are considered as the basic detectable unit of genetic variations, which are used as DNA-based markers. Hence, informative SNPs represent an attractive resource for genotyping and breeding strategies due to their wide distribution throughout the genome and the fact that they are easy to score and amenable to largescale applications (GARVIN et al., 2010; SEEB et al., 2011) . Our approach was focused on the detection of SNPs in informative regions of eleven candidate genes that consist of coding (57%) as well as exon-spanning non-coding areas (43%). As stated by SLATE et al. (2009) and GARVIN et al. (2010) , the critical point of this method is the design of species-specific primers and PCR-optimization to avoid any bias in the further analysis.
Applying the method described in the present study on a total of fourteen candidate genes, we managed to design species-specific primers for sixteen amplicons covering mainly coding regions in eleven genes (Table 1 and 2) . Three genes failed in this approach since they are either found as duplicates or exist as two almost identical paralogs in the P. trichocarpa genome, which is partially duplicated (TUSKAN et al., 2006; RODGERS-MELNICK et al., 2012) . We started by using P. trichocarpa derived primers to amplify from P. tremula genomic DNA. This restrictive cross-species primer design strategy resulted in 89% specific amplification products compared to 14% or 61 to 67%, which have been described for other than chloroplast loci in P. tremula and other poplar species (INGVARS-SON, 2008; JOSEPH and LEXER, 2008; OLSON et al., 2010; SCHROEDER et al., 2012) . These P. tremula derived amplification products provided the species-specific sequence information that is used for the design and optimization of specific P. tremula derived primers. The critical step of our pipeline was the design and experimental validation of P. tremula specific primers, a procedure that was proposed for SNP detection in non-model species (SLATE et al., 2009; GARVIN et al., 2010) . The systematic comparison of SNP data derived from individual P. tremula trees after amplification with either P. tremula or P. trichocarpa specific primers revealed a significant allele-bias of discovered SNPs depending on the specificity of primers. Even minor sequence variations (one and two nucleotides) in the primer binding sites could lead to miscalling of heterozygous as well as homozygous SNPs. These errors could consequentially result in a misleading population structure for the P. tremula collection. This effect was demonstrated by the massive inbreeding tendency and large number of HWE outliers when using P. trichocarpa derived primer conditions that represent cross-species conditions. This potentially misleading population structure is massively reduced in our collection when using P. tremula-specific primers indicating that a careful design of species-specific PCR conditions is an essential prerequisite for any robust and reliable SNP detection approach no matter which SNP discovery tool is used.
Conclusions
A prerequisite for reliable SNP discovery in non-model organisms such as P. tremula is the careful design of PCR amplicons that are highly specific for the gene of interest in this species. Winkler et. al.·Silvae Genetica (2015) 64-5/6, 259-269 We established a method that combines in silico PCR design with experimental confirmation and adjustment of data, which is required to avoid any allele bias in the SNP data. Making use of the present method, we established fourteen new P. tremula specific genic regions.
Applying this approach to a newly established collection of P. tremula trees led to the identification of 243 SNPs in this population. A total of 95% of SNPs does not deviate from HWE, which is consistent with the finding that the majority of analyzed regions do not show a significant in-or out-breeding behavior. This initial analysis indicates that a robust speciesspecific pipeline is required for the reliable detection of SNPs that then can be used for the detailed analysis of population structure and potential adaptive behavior of SNP markers.
